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We argue that edge electrons in monolayer WTe2 can possess a “cooperative” orbital moment
(COM) that critically impacts its edge magnetoresistance behavior. Arising from the cooperative
action of both Rashba and Ising spin orbit coupling, COM quickly achieves large magnitudes (of
order few Bohr magnetons) even for relatively small spin-orbit coupling strengths. As we explain,
such large COM magnitudes arise from an unconventional cooperative spin canting of edge spins
when Rashba and Ising spin orbit coupling act together. Strikingly, COM can compete with spin
moments to produce an unusual anisotropic edge magnetoresistance oriented at an oblique angle. In
particular, this competition produces a direction along which B is ineffective at gapping out the edge
spectrum leaving it nearly gapless. As a result, large contrasts in gap sizes manifest as B is rotated
granting giant anisotropic magnetoresistance of 0.1− 10 million % at 10 T and low temperature.
Quantum spin Hall (QSH) insulators are highly sensi-
tive to magnetic field. Protected by time-reversal sym-
metry, QSH insulators exhibit robust gapless edge states
and edge electrons that do not backscatter [1–11]. This
protection is readily lifted when a magnetic field, B, is
applied to open a gap in the edge spectrum to produce
large edge magnetoresistance [3, 4, 12] even at relatively
low fields.
In systems with only a small topological band inver-
sionM ∼ 10 meV such as HgTe and InAs/GaSb quantum
well QSH platforms [3–5, 13–15], out-of-plane magnetic
field induced gap can be very large and is dominated
by an orbital effect with giant effective (orbital) g fac-
tors of 40-50 [4, 12, 16]. In contrast, the QSH insulator
monolayer WTe2 [17–20] while possessing similar low dis-
sipation transport that persist to high temperature, pos-
sesses a large topological band inversion 2M = 1eV [7, 17]
dominating over other energy scales. As such, ordinary
orbital edge magnetoresponse is expected to be severely
muted, suppressed by factors of several thousand in com-
parison with their small M counterparts [4, 12, 16].
Here we argue that an unusual cooperative effect can
buck this expectation to yield a sizable edge orbital re-
sponse in monolayer WTe2. In particular, we find that
the combined action of Rashba spin-orbit coupling (SOC)
working together with Ising SOC produces a coopera-
tive orbital magnetic moment (COM). Crucially, COM
achieves sizeable values (of order few Bohr magnetons)
even when large M far exceeds both Rashba and Ising
SOC magnitudes. COM is sustained only when Rashba
and Ising SOC coexist. For e.g., in the absence of Ising
SOC, COM vanishes, and orbital magnetic response is
suppressed by two orders of magnitude. As we explain
below, COM is particularly pronounced in WTe2 due
to its misaligned Te atoms in the top and bottom lay-
ers (see Fig. 1a) that inextricably link Rashba and Ising
SOC [21, 22].
COM yields a significant out-of-plane magnetic field
induced gap ∆(B = Bz zˆ) (Fig. 1b). When B is rotated
away from zˆ, COM competes with spin moments to pro-
FIG. 1: (a) Crystal structure of monolayer WTe2 monolayer.
(b) COM yields a significant out-of-plane magnetic field in-
duced gap ∆(B = Bz zˆ) (θ = 0
◦) in the edge state spec-
trum (for an x-edge). Away from θ = 0◦, ∆(B) displays an
anisotropic angular dependence that depends on azimuthal ϕ
and polar θ angles. Here B = |B|(cosϕ sin θ, sinϕ sin θ, cos θ),
and blue, green, and red denote ϕ = 0, 45◦, 90◦ (see inset).
When ϕ = 0 (blue), gap nearly vanishes at θc = 51
◦ with a
gap value at starred point ∆(B∗) = 3.5µeV. (c) Polar plot
of ∆(B) shown for various planes at ϕ = 0, 45◦, 90◦ (blue,
green, red). The starred point in panel (b) manifests in a di-
rection B̂∗ (blue dotted arrow) wherein B-field is ineffective
at gapping the edge spectrum. In all plots, solid lines indicate
full gap from Eq. (1) with effective gyromagnetic coefficients
(off-diagonal in Fig. 2; for diagonal, see SI). Circles are gaps
obtained from edge spectrum ENS, see SI. We have taken
δx = 40 meV, δz = 70 meV, and |B| = 7 T as an illustration.
duce an anisotropic ∆(B) with a minima canted at an
angle oblique to either in-plane or out-of-plane directions
(Fig. 1b,c). Strikingly, B-field induced gap almost van-
ishes at θc when B lies in the x-z plane. This defines
a direction B̂∗ = (sin θc, 0, cos θc) in three-dimensional
space along which magnetic field is ineffective at gap-
ping the edge spectrum even for large magnitudes of
B; in contrast, when B is directed in other planes (see
Fig. 1b,c), even as the induced gap exhibits anisotropy it
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2remains large along all directions. As we discuss below,
the anisotropic gap opening manifests in an anisotropic
edge magnetoresistance (AMR), with a giant AMR con-
trast develops between maximum (at θmax) and minimum
(at θc) R(B) of order 0.1− 10 million % at low temper-
atures and |B| = 10 T.
Gap opening and broken symmetry – We begin with
a symmetry analysis of gap opening in the edge states
under an applied magnetic field. For simplicity, we con-
centrate on QSH edge states along the x-edge:
Hedge(kx) = v˜σzkx +
µB
2
∑
ij
gijσiBj , (1)
where σx,y,z are Pauli matrices that capture a mixed or-
bital and spin degree of freedom [see Eq. (5)], v˜ is the
velocity of the edge state, i, j = {x, y, z}, and Bj is the
magnetic field along j direction. Here gij are effective gy-
romagnetic coefficients that link magnetic field applied
along j to σi and µB is the Bohr magneton. Here we
have taken the lowest symmetry allowed terms, neglect-
ing terms higher order in k and B.
Of particular interest are the off-diagonal terms gxz
and gyz that determine gap opening when a z-oriented
magnetic field is applied; we note that gzzσzBz only
shifts the edge spectrum leaving it gapless. Symme-
try constrains the allowable B-field induced terms in
Eq. (1). As an illustration, consider a mirror operation
in z → −z : Mz (see full discussion in Supplementary
Information, SI). As expected, Mz leaves the first term
of Eq. (1) invariant. However, the second term trans-
forms as M−1z [gijσiBj ]Mz. As a result, when mirror in
z is preserved, gxz and gyz terms vanish; they are allowed
when Mz is broken. As we will see these arise through
Rashba and Ising SOC that mix the spins in the bulk.
Microscopic description of the edge Hamiltonian – We
now turn to a microscopic description of the edge states.
First, we examine a 4×4 minimal model for the electronic
bulk of monolayer WTe2 [21, 22] as H = H0 +HR +HI .
The intrinsic BHZ hamiltonian H0 captures the essential
topological features of the QSH phase:
H0(kx, ky) = mks0τz + vxkxszτx − vykys0τy, (2)
where sx,y,z and τx,y,z are Pauli matrices for the spin and
orbital degrees of freedom respectively, and s0 = I2×2.
Here mk = M −Cxk2x−Cyk2y with M,Cx, Cy > 0, 2M =
1 eV captures the strong topological band inversion found
in monolayer WTe2, and vx,y/~ are the Dirac velocities
along x and y directions, see Fig. 1a.
HR,I arise when inversion symmetry is broken and do
not alter the global topological features of H. Rashba
HR couple spin blocks and Ising HI mix the orbital tex-
tures [21, 22]:
HR = −δxsxτy, HI = −δzszτy, (3)
where δz,x describe the strength of Ising and Rashba spin-
orbit coupling respectively.
We note that inversion breaking (manifest in HR,I) in
monolayer WTe2 can originate from a variety of sources
that include for e.g., an applied electric field [21, 22],
coupling with the substrate, edge electric fields, or even
a buckling of monolayer WTe2 into a Td phase [22]; re-
cently, inversion breaking in monolayer WTe2 has been
detected via photocurrent imaging [22]. Regardless of its
origin, these mix the spin sectors on Eq. (2) and critically
impact edge magnetoresponse [4, 12, 16, 23, 24].
In order to construct the edge Hamiltonian from the
topological band inversion encoded in Eq. (2), we exam-
ine an edge along the x-direction (Fig. 1a), where mono-
layer WTe2 electrons occupy y ≥ 0; y < 0 is the vacuum.
For each kx, two topological edge states emerge with
a gapless spectrum traversing the bulk bandgap when
B = 0 [1, 2, 4–6, 16]; these can be directly obtained by
an exact numerical solution (ENS) of the coupled partial
differential equation in H when ky → −i∂y, see SI.
To clearly exhibit the role HR,I plays, however, we
analyze the structure of the edge wavefunctions. In so
doing, we write the edge zero modes, |Ψs〉:
〈r|Ψs〉 =
∑
n
asnexp(−y/λsn)|usn〉, (4)
where s = ±1, λsn are decay lengths of the edge state into
the bulk, and |usn〉 are pseudospins capturing the relative
spin and orbital composition of the zero modes; these
are obtained from solving [H(0, iλsn)]|usn〉 = 0. Here the
index n = ±1 arises from the quadratic mk dependence,
and as+1 = −as−1 are normalization constants that ensure
the wavefunction vanishes at y = 0 as well as far form
the edge Ψ(y = 0) = Ψ(y →∞) = 0.
Using the edge zero modes in Eq. (4) we directly con-
struct the edge hamiltonian by projecting the bulk hamil-
tonian H0(kx, 0) onto the zero modes along the edge
[Eq. (4)]. We find the eigenstates of the edge Hamil-
tonian, {|Φ1〉, |Φ2〉}, are:(|Φ1〉
|Φ2〉
)
=
(
cos χ12 e
−iχ2/2 sin χ12 e
iχ2/2
sin χ12 e
−iχ2/2 − cos χ12 eiχ2/2
)(|Ψ+〉
|Ψ−〉
)
.
(5)
In this basis, {|Φ1〉, |Φ2〉}, the edge Hamiltonian is di-
agonal and can be written as the first term of Eq. (1).
Keeping only leading order terms in 1/M , we have
tanχ1 ≈ sgn(δx)|Γ|/γ and tanχ2 ≈ Im[Γ]/Re[Γ] where
Re[Γ] ≈ δx[1/(δ) − δCy/(v2yM)] and Im[Γ] ≈ δx[(v2yM −
δ2Cy)/(4M
3Cy)] is controlled by Rashba SOC, and γ ≈
δz/δ is controlled by Ising coupling SOC. The zero modes
|Ψ±〉 on the RHS of Eq. (5) possess pseudo-spinors that
read (to leading order) as
|usn〉 = Ns (Σs,Σs, 1, 1)T , Σs = (δz + sδ)/δx, (6)
where N+ = [2(Σ2s + 1)]−1/2 and N− = sgn(δx)[2(Σ2s +
1)]−1/2 and δ =
√
δ2x + δ
2
z with
[λsn]
−1 =
vy
2Cy
+
nδ
2
√
MCy
−ins
√
M
Cy
+
√
M
Cy
O (η2) , (7)
3FIG. 2: Effective gyromagnetic coefficients for a perpendic-
ular magnetic field for the edge parallel to mirror axis (x-
axis) obtained from numerical evaluation of edge eigenstates
in Eq. (5), see text. Panel (a) shows gyromagnetic coefficient
corresponding to COM, gxz which arises from the combined
action of finite Rashba and Ising SOC, and panel (b) displays
gyz, the gyromagnetic coefficient that corresponds to an or-
dinary orbital response [4, 12, 16]. The latter only requires a
non-zero Rashba SOC. Strikingly, gxz (panel a) is two orders
of magnitude larger than gyz (panel b). Here we have used
the same WTe2 parameters as Fig. 1
.
where dimensionless η = vy/(2
√
MC) is small due to the
strong topological band inversion in monolayer WTe2.
Using typical parameters for monolayer WTe2 we find
η = 0.15 is small. At B = 0, {|Φ1〉, |Φ2〉} in Eq. (5)
compose the gapless QSH edgestates that propagate with
renormalized edge velocity v˜ = vx
√
γ2 + |Γ|2, see Eq. (1).
Cooperative spin-canting – The spin orientation of the
edge states is directly controlled by δx, δz. For example,
when δz, δx = 0, {|Φ1〉, |Φ2〉} in Eq. (5) are eigenstates of
sz: {(1, 1, 0, 0)T , (0, 0, 1, 1)T }. When δz, δx 6= 0, however,
{|Φ1〉, |Φ2〉} can in general cant away from the poles of
a Bloch sphere (where north/south correspond to spin
up/down). Such rotation of edge spin orientations are
readily found in the familiar HgTe QSH systems, where
small δx leads to significant canting of spins on the edge
since M ∼ several meV is small in those systems [16]. In
contrast, large 2M = 1 eV in WTe2 suppresses the power
of HR or HI individually in canting the edge spin ori-
entation. Indeed, when δz = 0 (so that χ1 = 90
◦) and
δx 6= 0 the spin orientations barely cant away from the
north/south pole since χ2 ≈ 2(δx/M)η2 ∼ 0.005 rad =
0.3◦ using δx ≈ 50 meV. Similarly, for δz 6= 0 but δx = 0,
the edge spins continue to be aligned along sz.
Instead, when both δx, δz 6= 0 a cooperative effect en-
sues to produce a large spin canting which is relatively
insensitive to M . For typical values of δx, δz in WTe2 we
find |tanχ1| ∼ unity signaling significant rotation away
from sz. As we now discuss, this departure (in how the
WTe2 edge spin orientation behaves) from the more fa-
miliar case of HgTe/CdTe leads to COM and a distinctly
different edge magnetoresponse.
Cooperative edge magnetic moment – We first con-
centrate on the edge orbital magnetoresponse which
is particularly sensitive to spin orientation. Orbital
motion can be described via minimal coupling in the
bulk as H0(−eyBz/~c, 0) where we have used a Lan-
dau gauge. Using {|Φ1〉, |Φ2〉} basis, we analyze the
effect of the orbital motion on the edge electrons via
〈Φ1|H0(−eyBz/~c, 0)|Φ2〉. This produces Bz induced
terms in Eq. (1) that gap the edge spectrum, namely
gxz and gyz; these terms do not commute with σz. gxz
and gyz are shown in Fig. 2a,b obtained by computing
the above matrix element with a numerical solution of
Eq. (5) keeping all orders.
Strikingly, Fig. 2a,b reveals that gxz is more than a
100 times larger than gyz. Further, while gyz is finite
so long as δx 6= 0, gxz arises only when both δx, δz 6= 0.
The dichotomy in magnitudes and behavior of gxz and
gyz vividly display a cooperative effect: in the presence
of both Ising and Rashba SOC, large orbital gaps can be
opened by Bz [from gxz]; in contrast, orbital response is
severely suppressed when δx 6= 0, δz = 0 [from gyz].
We identify the δx, δz 6= 0 cooperative behavior of gxz
as COM. Importantly, sizeable COM persists even as M
overwhelms δx, δz. This large COM value directly pro-
ceeds from the strong canting of spins in the edge eigen-
states when both δx, δz 6= 0, as discussed above. To see
this link explicitly, we analyze the M dependence of gxz
directly, keeping only the leading order terms in Eq. (5):
gxz ≈ −Aδxδz
M
= −1.62(δx[meV]/50)(δz[meV]/50)
(M [meV]/500)
, (8)
where A = 8mevxC
2
y/(~2v3y) with me the free electron
mass, and in the second line we have used typical ranges
of fitted values for WTe2 band parameters (see SI). Com-
paring gxz in Fig. 2a and Eq. (1), we find the strong
canting of spins enables COM magnitude of several Bohr
magnetons for WTe2. In contrast, gyz ∼ 0.02 (Fig. 2b)
is highly suppressed, and scales as δx/M
2 mirroring the
small χ2 canting in the edge spins (suppressed by large
M) in much the same fashion as that found for the edge
orbital moments of HgTe [4, 16].
While the cooperative spin canting mechanism and
COM are general effects, we expect COM to be espe-
cially pronounced in monolayer WTe2 due to its mis-
aligned Te atoms in the top and bottom layers (see
Fig. 1a). This misalignment inextricably link Rashba
(arising from out-of-plane dipole) and Ising (from in-
plane dipole) SOC [21, 22]. Further, the large M of
monolayer WTe2 severely suppresses the ordinary orbital
response that arises from HR alone (i.e. independent of
δz) that is typically found in small M systems such as
HgTe quantum wells [4, 12, 16]. Indeed, COM (Fig. 2a) is
consistent with the sizeable out-of-plane edge gap open-
ing recently measured in WTe2 monolayers [18, 19].
To obtain the full edge magnetoresponse, we now also
include the (pure spin) Zeeman effect where magnetic
field directly couples with s in the bulk. These only
contribute to the diagonal terms of Eq. (1) and do not
contribute to gap opening along the edge when B =
4Bz zˆ [12, 16, 34], see SI for full discussion. Taking typical
values of bulk electronic Lande g-factors ≈ 2 and project-
ing onto the edge, we obtain gxx, gyy ∼ 1.2 − 2.0 which
weakly depend on δx, δz, SI. Combining orbital (off-
diagonal) and spin Zeeman (diagonal) terms in Eq. (1),
we obtain an anisotropic B-field induced edge (full) gap,
∆(B), Fig. 1b,c.
Crucially, for most orientations of B (when azimuthal
ϕ 6= 90◦), we find that ∆(B) is minimized at an oblique
polar angle: i.e. θ is neither zero or 90◦. This is in stark
contrast to that found in HgTe QSH systems where mini-
mal gap occurs when θ = 90◦ [4]. Strikingly, when B lies
in the x-z plane (azimuthal ϕ = 0), ∆(B) nearly vanishes
at a critical angle θc (see blue curve in Fig. 1b); indeed
the residual gap θc is 3.5µeV (obtained from Fig. 2) –
two orders of magnitude smaller than the maximum gap
opening (Fig. 1b). Noting that gxz  gyz and specializ-
ing to B = |B|(sin θ, 0, cos θ) in the x-z plane, we find
∆(B) ≈ geffµB |B|
∣∣sin(θ − θc)∣∣, tanθc = −gxz
gxx
, (9)
where geff =
√
g2xx + g
2
xz. Taking δz = 70 meV and
δx = 40 meV as a illustration, we obtain θc = 51
◦
(Fig. 1b). ∆(B) exhibits a 180◦ periodicity; the next
zero in Eq. (9) occurs at θ = θc + 180
◦. Maximal ∆(B)
occurs when θ = θmax = θc + 90
◦. We note that when B
is directed in planes other than x-z (i.e. ϕ 6= 0) such near
vanishing of gap does not occur (see e.g, Fig. 1c, green
and red curves), and is non-vanishing and sizeable in all
directions.
While we have concentrated on edges along the x di-
rection, terminations along other edges can influence the
edge behavior [25]. For generic edges, we find COM
and angle-dependent ∆(B) persists, with a well-defined
B̂∗ along which magnetic field is ineffective at gapping
the edge spectrum, see SI. We note that while the pre-
cise value of θc along generic edge terminations (i.e.
not x-edge) can vary and depart from that described in
Eq. (9), COM and its effect on magnetoresponse behav-
ior (namely B̂∗) nevertheless proceeds directly from the
cooperative δx, δz induced spin canting along the edge.
Edge magnetoresistance – The gap opening in the edge
state spectrum ∆(B) when magnetic field is applied di-
rectly impacts edge transport producing an edge magne-
toresistance. We track the resistance along the edge via
R(B) = Rc + Rs(B), where Rc is the contact resistance
while Rs is the resistance of edge channel. The latter can
be computed via Rs(B) = Lρ(B), where L is the length
of the channel and ρ(B) is the resistivity of the edge chan-
nel [26, 27]: [ρ(B)]−1 = e2
∑
kx
(∂ε/~∂kx)2τ(ε)(−∂εf)
where ε(kx) are the eignenergies of Eq. (1), f = {1 +
exp[β(ε − µ)]}−1 is the Fermi function and [τ(ε)]−1 =
(2pi/~)ν(ε)|〈ψ(−kx)|V (x)|ψ(kx)〉|2 is the relaxation rate.
Here ψ(kx) are the eigenstates of Eq. (1), ν(ε) the density
of states of the 1D edge channel, µ the chemical poten-
tial, β = 1/kBT , and V (x) is the impurity potential. In
FIG. 3: Edge magnetoresistance R(B) for magnetic field di-
rected in x-z plane, i.e. B = |B|(sin θ, 0, cos θ). (a) R(B)
varies with θ at different temperatures T = 2, 4, 6, 8, 10 K
(top to bottom) and at a fixed |B| = 7 T. R(B) displays
no temperature variation at θc; in contrast, R(B) exhibits
large temperature changes at θmax. Solid lines are obtained
using edge Hamiltonian in Eq. (1), circles are obtained from
edge spectrum ENS (see SI) displaying good agreement. (b)
R(B) taken at θmax (solid curves) display thermally acti-
vated behavior with slope (in logarithmic scale) increasing
as |B| = 6, 8, 10, 12 T increases (bottom to top). In contrast,
R(B) at θc (dashed lines) does not change with temperature
or with magnetic field. In all plots we have used device param-
eters L = 500 nm, `0 = 100 nm, Rc = h/2e
2 and a chemical
potential fixed at µ = 0.3 meV as an illustration. The other
parameters used are the same as in Fig. 1.
what follows, we choose short range impurities V (x) =∑
j uδ(x− xj) as an illustration with u the strength of a
single impurity and j sums over all impurities in the chan-
nel. The disorder average 〈V (x)V (x′)〉 = nimpu2δ(x−x′)
where nimp is the impurity density yielding a length scale
`0 = v˜
2/(U2nimp) [28, 29]. [35]
In Fig. 3a we plot the edge magnetoresistance R(B)
for an edge along the x-direction for a fixed magnitude
of magnetic field |B| = 7 T but applied at various orien-
tations of B along the x-z plane (i.e. ϕ = 0), namely
B = |B|(sinθ, 0, cosθ). Edge magnetoresistance is large
and highly sensitive to temperature close to θ = θmax
where the edge gap is largest; indeed, as temperature is
lowered, the magnetoresistance climbs rapidly in an ex-
ponential fashion, Fig. 3b.
In contrast, close to θ = θc the edge magnetoresis-
tance remains nearly constant with temperature since
gap opening close to θc almost vanishes, see blue curves
in Fig. 1b,c. Indeed, curves at various temperatures in
Fig. 3a,b collapse on each other at θ = θc. The insen-
sitivity of magnetoresistance to temperature provides a
direct experimental means to determine B̂∗ – the direc-
tion wherein applied magnetic field is ineffective at gap-
ping out the edge states. Away from the x-z plane, i.e.
ϕ 6= 0, we note that resistance curves at various temper-
atures no longer collapse on each other for any value of
θ (see SI) since ∆(B) is generically finite and sizable in
all directions when ϕ 6= 0.
COM is a direct consequence of the cooperation be-
5tween HR and HI that plays a critical role in both
the edge spin structure and its magnetoresponse. Given
the tight spatial confinement of the edge wavefunctions
∼ 2Cy/vy = 1.9 nm for typical WTe2 parameters, we ex-
pect that edge magnetoresponse HR/I in the region close
to the edge, where for e.g., strong confining edge elec-
tric fields will inevitably appear close to sample bound-
aries [30]. Additionally, while here we have concentrated
on COM and its relation to HR and HI , we remark that
the cooperative spin canting mechanism – arising from
combined action of two types of SOC – is general; we an-
ticipate that such cooperative spin canting can also ensue
with other SOC mechanisms.
Perhaps most striking, from a technological perspec-
tive, is COM magnetoresponse that exhibits an unusual
near-zero of magnetoresistance when magnetic field is ap-
plied along the direction B̂∗. This near-zero in mag-
netoresistance enables very large anisotropic magnetore-
sistance: comparing resistance at 10 T for θmax and θc
(Fig. 3b) we expect giant anisotropic magnetoresistance
of several million % at low temperature can be achieved
in WTe2. These are competitive with other large mag-
netoresistance materials at similar B and temperature
ranges, (e.g., bulk 3D topological semimetals [31], or
3D bulk charge compensated transition metal dichalco-
genides [32]).
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Symmetry and WTe2 low-energy hamiltonian
The low-energy electronic excitations for monolayer
WTe2 with inversion symmetry can be captured by a
minimal four-band BHZ Hamiltonian
H0(kx, ky) = kI+mks0τz + vxkxszτx − vykys0τy,(S1)
where k = (c + v)/2 is the dispersive part of the
Hamiltonian and mk = (c − v)/2 is the momentum de-
pendent mass capturing the topological inversion. Here,
i = ci,0 − ci,xk2x − ci,yk2y, i ∈ {c, v} is the disper-
sion for conduction and valence band respectively. Tak-
ing cc,0 = 1 eV and cv,0 = 0 eV gives the magnitude
of topological band inversion in Eq. (S1): 2M = 1
eV [21]. Throughout the text we use values for vx = 1.71
eVA˚ and vy = 0.48 eVA˚ obtained from a model fit-
ting with available ARPES data [7, 22]. We have chosen
(Cx, Cy) = (5.5, 4.5) eVA˚
2 parameter values used in the
main text that are obtained by Lo¨wdin partitioning [21]
and lie in the typical range for Cx, Cy. Lastly, we note
that since kI is a scalar, contributing to spin/orbital
blocks equally it does not affect the structure of the edge
state wavefunctions. For brevity as well as clarity, below
and in the main text, we have suppressed k dependence.
When inversion symmetry is broken in monolayer
WTe2, Ising and Rashba SOC arise [21] and can be cap-
tured via
HR = −δxsxτy, HI = −δzszτy, (S2)
where δx(z) is the Rashba (Ising) SOC strength. Here
HR couple the spin blocks, and HI mix its spin texture.
In the main text, and unless stated otherwise, we use
parameter values for δz = 70 meV and δx = 40 meV.
These are within the range of SOC strengths achievable
in WTe2 [22]. Together with H0 above, the full hamilto-
nian at zero magnetic field is H = H0 +HR +HI .
Emergent symmetries
We now turn to discussing the symmetries present in
our system. First we note, that without external field,
pristine WTe2 monolayer crystal possess time-reversal
(TR) symmetry and a (crystallographic) point group
symmetry P21/m that contains four symmetry opera-
tions, which include inversion symmetry I : r → −r
and mirror symmetry My : y → −y [21]. These can be
used to constrain and construct the low-energy hamilto-
nian that describes the long-wavelength electronic exci-
tations [21].
Crucially, we note that the low energy model
H0(kx, ky) in Eq. (S1) contains further emergent symme-
tries Mx : x → −x and Mz : z → −z, under which the
Hamiltonian H0(kx, ky) remains invariant. These emer-
gent symmetries arise in the long wavelength description
of monolayer WTe2. Since they are spatial symmetries,
they are valid even when TRS is broken.
Interestingly, the mirror operationsMx : x→ −x and
Mz : z → −z can be used to characterize the Ising and
Rashba SOC in Eq. (S2); both terms generically arise
when inversion is broken. Specifically, HR(I) is odd un-
der Mz(x). This means that HR(I) vanishes when the
system is symmetric underMz(x). Therefore nonvanish-
ing HR(I) directly proceed brokenMz(x) (when either [or
both] is broken, inversion symmetry is broken), and can
be thought to arise from out-of-plane (in-plane) dipole
moment. This is consistent with their microscopic origin
as matrix elements of the relativistic spin-orbit interac-
tion: Hˆso(k) ∼ (k+ pˆ/m0) · s×∇φ(r) [33].
A similar analysis can also be applied for the QSH edge
states in WTe2. In the presence of an applied magnetic
field, the QSH edge states along the x-edge can be gener-
ically described via Eq. (1) of the main text. Here we
reproduce it for the convenience of the reader:
Hedge(kx) = v˜σzkx +
µB
2
∑
ij
gijσiBj , (S3)
where we have taken the lowest symmetry allowed terms,
neglecting terms higher order in k and B. Note that the
first term in Eq. (S3) is symmetric under both Mz and
Mx operations.
We now concentrate on the second term of Eq. (S3).
Under the mirror operation Mz, we have
σx,y → −σx,y, σz → σz,
Bx,y → −Bx,y, Bz → Bz. (S4)
since σ and B are pseudo-vectors. This means that when
the system is symmetric under Mz, the out-of-plane B-
field terms gxzσxBz and gyzσyBz must vanish.
We note that a further constraint can be gleaned by
analyzing the behavior of Eq. (S3) under the mirror op-
erationMx. In the same fashion as above, this operation
flips B and σ perpendicular to x. This means that when
the system is symmetric under Mx, the B-field terms
gxzσxBz, gxyσyBx, and gyxσxBy must vanish. When
both Mz and Mx are symmetries of the system, all off-
diagonal terms in gijσiBj must vanish. Similarly, we note
that while gyzσyBz can manifest when Mz symmetry is
broken butMx symmetry is preserved. gxzσxBz requires
bothMx andMz to be broken. This coincides with our
analysis of COM in the main text that shows large gxz
arising when both δx, δz 6= 0.
8Quantum spin Hall edge states in WTe2
The QSH edge states along an x-edge analyzed in the
main text proceeds directly from the topological band
inversion in Eq. (S1). In so doing we consider the follow-
ing geometry: monolayer WTe2 electrons occupy y ≥ 0;
y < 0 is the vacuum. The edge state spectrum and
wavefunction spinor and spatial profile can be directly
computed from H by setting ky → −i∂y and solving
for self-consistent wavefunction solutions. There are two
principal methods to obtain the QSH edge states: (i)
through an exact numerical solution (ENS) of the edge
state spectrum by solving the coupled (in spin/orbital
space) Schro¨dinger equations and (ii) constructing the
edge hamiltonian from the zero modes of H. As shown
in the main text, we perform both methods which dis-
play good agreement with each other. In this section, we
describe both methods in more detail.
Exact numerical solution of edge state spectrum
We first describe the ENS method. The edge states
at zero field can be obtained from an ENS of a set of
coupled Schro¨dinger equations with ky → −i∂y and ap-
propriate boundary conditions. Including both the effect
of orbital motion of electrons (through minimal coupling
in the landau gauge kx → kx − eyBz/~c) as well as a
(spin) Zeeman effect found below in Eq.(S17) we write
the coupled Schro¨dinger equations as[
H
(
kx − eyBz~c ,−i∂y
)
+HZ(B)
]
ξkx(y) = ξkx(y)
(S5)
for each kx along the x-edge. Here ξ(y) =[
ξ1(y), ξ2(y), ξ3(y), ξ4(y)
]T
is a general four component
spinor wavefunction. Each of the ξi(y) wavefunc-
tions satisfy Dirichlet boundary conditions, ξi(−L) =
ξi(L) = 0 on a strip geometry with y ∈ [−L,L]
and L = 200 nm. Here, as in the main text, B =
|B|(sin θ cosϕ, sin θ cosϕ, cos θ).
We solved Eq. (S5) numerically using a standard nu-
merical partial differential equation subroutine in Math-
ematica by utilizing finite element analysis. The system
of equations is solved along a line (along y-direction) of
length 2L (composed of 2/10−3 elementary divisions) for
every value of kx to obtain the edge spectrum. Sample
edge spectrum as a function of kx along the x-edge are
shown in Fig. S1 for various values of θ; here ϕ = 0.
In Fig. 1 and 3 of the main text we display gap size
and edge resistance obtained from the ENS edge state
spectrum as open circles. In obtaining the gap size at
each orientation of magnetic field (θ, φ), we numerically
obtained the minimum difference between upper (blue)
and lower (red) bands in Fig. S1 to obtain the full size of
the gap. Note the near gap closure in the edge spectrum
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FIG. S1: (a,b,c,d) Edge spectrum generated from ENS al-
gorithm (see text) by solving Eq. (S5) for magnetic field
B = 7|(sin θ, 0, cos θ) T at θ = 0◦, 50◦, 90◦, 140◦ respectively.
Here, we use δx = 40 meV and δx = 70 meV for the strength
of Rashba and Ising SOC respectively.
for θ = 50◦ in Fig. S1 in agreement with the critical angle
θc found in the main text.
Zero modes and constructing low-energy edge hamiltonian
In this section, we describe how to construct the
low-energy edge hamiltonian from the zero modes of
H(kx, ky → −i∂y). Zero modes along the x-edge satisfy
〈r|Ψ〉 =
∑
j
ajexp(−y/λj)|uj〉exp[ikxx] (S6)
with the boundary condition Ψ(y = 0) = Ψ(y →∞) = 0.
Here λj is the decay length associated with j
th decay
mode, |uj〉 are 4 component spinors, and aj is the cor-
responding normalization coefficients. The zero-mode
spinors and decay constants satisfy H(0, λ−1j )|uj〉 = 0.
Solving for the zeros of det[H(0, λ−1j )], we obtain zero-
mode decay lengths
λ−1 = ±
vy ±
√
v2y − 4Cy(M ± iδ)
2Cy
, δ =
√
δ2x + δ
2
z
(S7)
that can take on eight possible values. Using the bound-
ary condition Ψ(y → ∞) = 0, we discard four λ−1 in
Eq. (S7) that have negative real parts (they are not nor-
malizable in our space). The zero mode spinors that
correspond to each λj can then be obtained numerically;
using these we construct two degenerate zero modes. The
edge hamiltonian (and the numerical edge state wave-
function) can then be obtained in the standard fashion by
projecting the bulk hamiltonian H(kx, 0) onto the space
spanned by the degenerate zero modes in the same form
as Eq. (1) of the main text. In our main text, these
9numerical edge state wavefunctions are employed in ob-
taining the orbital contributions to magnetoresponse (i.e.
gxz and gyz) shown in Fig. 2 of the main text. (Spin)
Zeeman contributions, see below, are similarly obtained
using these same edge state wavefunctions. For clarity
we denote these numerical edge eigenstates (NE).
While the above procedure is standard and can be
implemented numerically, to gain further insight into
the structure of the edge wavefunctions, we now ana-
lyze approximate zero-modes that that can be expressed
in a simple closed form. As shown in the main text,
these allow us to expose the origin of COM – coop-
erative spin canting. We do this by first noting that
η = vy/(2
√
MCy) = 0.15 is small. Exploiting this small
parameter, we expand λ−1 in Eq. (S7) in η and obtain
Eq. (7) of the main text
[λsn]
−1
=
vy
2Cy
+
nδ
2
√
MCy
− ins
√
M
Cy
+
√
M
Cy
O (η2) ,
(S8)
where η2 = 0.02 is small, and s = ± and n = ±. In
the same fashion as above, zero mode spinors can be ob-
tained by solving the set of four simultaneous equations
H(0, [λsn]−1)|us〉 = 0, where [λsn]−1 is given by Eq. (S8).
Using M+Cy [λ
s
n]
−2
= −2insM(η+nΩ+O(η2,Ω2)) and
vy [λ
s
n]
−1
= −2insM(η +O(η2, ηΩ)), with Ω = δ/(2M),
the above system of equations yields the approximate
zero-mode spinors in Eq. (6) of the main text:
|us〉 = Ns (Σs,Σs, 1, 1)T , Σs = (δz + sδ)/δx, (S9)
where N+ = [2(Σ2s + 1)]−1/2 and N− = sgn(δx)[2(Σ2s +
1)]−1/2. We note, parenthetically, that the choice of zero
modes is not unique. Indeed, other linear combinations
of zero modes shown above are equally valid and produce
the same physical observables and dependencies (e.g.,
edge gap behavior as a function magnetic field).
Using Eq. (S8) and (S9), we can write approximate
edge zero mode wave functions (see also Eq.(4) of the
main text)
〈r|Ψs〉 =
∑
n
asnexp(−y/λsn)|us〉, (S10)
where we have identified the s = ±1 with the spin de-
gree of freedom for the two fold degenerate edge modes
and n represents the two-decay modes for each spin
(note change in index j to n, s index). Next, we de-
termine the coefficients asn by using the other bound-
ary condition Ψ(y = 0) = 0, according to which∑
asn|us〉 = 0 is satisfied by asn = {1,−1}. This
leads to the degenerate edge wavefunctions |Ψs〉 =
K [exp (−y/λs+)− exp (−y/λs−)] |us〉 with normalization
constant K = [(v2yM − δ2Cy)/(2vyMCy)]1/2.
The edge Hamiltonian can be obtained by projecting
H0(kx, 0) onto the zero modes in Eq. (S10) by computing
the matrix elements 〈Ψµ|H0(kx, 0)|Ψν〉, with µ, ν ∈ s
producing:
H(kx) = vxkx (γσz +Re[Γ]σx + Im[Γ]σy) , (S11)
where tanχ1 = sgn(δx)|Γ|/γ and tanχ2 = Im[Γ]/Re[Γ]
where Re[Γ] = δx[1/(δ) − δCy/(v2yM)] and Im[Γ] =
δx[(v
2
yM − δ2Cy)/(4M3Cy)] is controlled by the Rashba
coupling, and γ = δz/δ is controlled by the Ising cou-
pling.
Eq. (S11) can can be diagonalized by the unitary
operation P−1HP = v˜kxσz producing the first term in
Eq. (1) of the main text. Here we have used
P =
(
cos χ12 e
−iχ2/2 sin χ12 e
−iχ2/2
sin χ12 e
iχ2/2 − cos χ12 eiχ2/2
)
(S12)
Further, the corresponding edgestate eigenfunc-
tions can be similarly written as (|Φ1〉, |Φ2〉)T =
P−1 (|Ψ+〉, |Ψ−〉)T , see also Eq. (5) of the main text.
Magnetic field induced gap opening
In this section, we discuss how magnetic field opens
up a gap in the edge spectrum by analyzing how various
both (i) the orbital motion of electrons, and (ii) a (spin)
Zeeman interaction, can affect the structure of the edge
eigenstates.
Orbital magnetoresponse
COM discussed in the main text can be directly ob-
tained from analyzing the behavior of the edge eigen-
states, characterized by Eq. (5) in the main text, when
orbital motion of electrons is included. The orbital mo-
tion of an electron in an external magnetic field is de-
scribed by minimal coupling H(k − eA/(~c)), where
we have used a Landau gauge A = (yBz, 0, 0) for the
electron along x-edge. The orbital motion produces
Bz dependent terms in Eq. (1) that go as H
orb
mn =
〈Φm|H0(−eyBz/(~c), 0)|Φn〉, with m,n ∈ {1, 2} index
the spin-orbit mixed edge eigenstates in Eq. (5) of the
main text. Orbital motion only arises for a perpendicu-
lar field, vanishing for in-plane fields.
We note that terms that go as σz commute with the
first term of Eq. (1) of the main text, and hence cannot
gap out the edge states; instead they shift the position of
the gapless Dirac point in momentum space. As a result,
we focus only on the off diagonal elements Horb12 = H
orb∗
21
which can gap the spectrum. As discussed in the main
text, we use the numerical edge eigenstates NE method to
Horb. Comparing with Eq. (1) we plot the gyromagnetic
coefficients gxz and gyz shown in Fig. (2) of the main
text.
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The same analysis can be performed using the approx-
imate edge eigenstates that proceed from Eq. (S12). Us-
ing these approximate edge eigenstates we find
Horb12 ≈ cos
χ1
2
sin
χ1
2
(M++ −M−−)
+ sin2
χ1
2
e−iχ2M−+ − cos2 χ1
2
eiχ2M+− (S13)
where Mij = 〈Ψi|H0(−eyBz/(~c), 0)|Ψj〉 matrix ele-
ments composed of the initial zero modes i, j ∈ s. Writ-
ing out Mij dependence on WTe2 parameters gives
cos
χ1
2
sin
χ1
2
(M++ −M−−)
≈ −evxδzδx
~cδ2
K2
[
2C2y(v
2
yM + δ
2Cy)
v2y(v
2
yM − δ2Cy)
]
Bz (S14)
and
sin2
χ1
2
e−iχ2M−+ − cos2 χ1
2
eiχ2M+−
≈ evx
~c
K2
[
2C2yδxδz
v2yδ
2
+ i
Cyδx
2M2
]
Bz (S15)
valid in the small η and small Ω limit. Plugging into
Eq. (S13) produces an approximate Horb12 . Finally, com-
paring with µBgB/2, the real part of H
orb
12 gives gxz and
the (negative) imaginary part yields gyz as
gxz ≈ −
8mevxC
2
yδxδz
~2v3yM
+O(η2), gyz ≈ −mevxvyδx~2M2 ,
(S16)
As discussed in the main text, gxz requires both δx, δz 6= 0
manifesting a cooperative effect of COM – this yields siz-
able spin canting and a significant COM of several Bohr
magnetons. In contrast, gyz only requires δx 6= 0 but
is suppressed taking on values of gyz ∼ 0.02 that is sup-
pressed by a large M . Here we have used the same WTe2
parameters as the main text.
Spin Zeeman magnetoresponse
We now turn to the spin Zeeman interaction, wherein
the magnetic field directly couples with the spin moments
of the electrons. This starkly contrasts with the orbital
effect of COM which we focussed on in the main text.
Following the projection procedure described above, the
Zeeman effect on the edge can be obtained by projecting
bulk spin Zeeman interactions on the edge eigenstates as
[HedgeZ ]mn = 〈Φm|HZ(B)|Φn〉, m,n ∈ {1, 2} where
HZ(B) = µB
2
[
szBz
(G+⊥τ0 + G−⊥τz)
+(sxBx + syBy)
(
G+|| τ0 + G−|| τz
)]
(S17)
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FIG. S2: Variation of gxx (panel a.) and gyy (panel b.) with
Rashba SOC at different magnitude of Ising SOC (top to bot-
tom: 20, 40, 60, 80 meV).
where G±⊥,|| =
(
ge⊥,|| ± gh⊥,||
)
/2 with ge,h⊥,|| being the bulk
gyromagnetic coefficients for electron/holes in response
to out-of-plane/in-plane magnetic field. In our plots, we
use bulk Lande g-factors of order 2, so that G+|| = 2.
Other values of g can be used as well, and do not quali-
tatively affect our results
Using Eq.(S17) we plot the effective (in-plane) gyro-
magnetic coefficients gxx and gyy for the edge electrons
are shown in Fig. S2. In so doing we have used the nu-
merical edge eigenstates using the NE method. Rashba
and Ising couplings can renormalize these coefficients so
that max(gxx, gyy) = G+|| when δx, δz = 0. In the range
of Rashba and Ising SOC we consider, these produce
gxx, gyy ∼ 1.2− 2
We note that when magnetic field is applied in the z-
direction, the (spin) Zeeman interaction does not open a
gap in the edge spectrum as discussed in Ref. [12, 16, 34].
Instead, it shifts spectrum in momentum space. This
directly proceeds from [H0(kx, 0),HZ(Bz)] = 0 as can
be readily verified from Eq. (S17). Here H0(kx, 0) is the
dispersing part of bulk hamiltonian that produces the
gapless first term of Eq. (1) of the main text (i.e. the
QSH gapless edgestates at B = 0). Projecting on the
edge yields [Hedge(B = 0), HedgeZ (Bz)] = 0 for any choice
of spinor basis. As a result, the (spin) Zeeman interaction
along the edge does not open a gap in the edge spectrum
when B = Bz zˆ.
Including both the orbital and (spin) Zeeman contri-
butions we obtain the variation of (full) gap size with
orientation of magnetic field, see Fig. 1 of the main text,
as
∆ = µB |B|
[
(gxx cosϕ sin θ + gxz cos θ)
2
+(gyy sinϕ sin θ + gyz cos θ)
2
]1/2
. (S18)
Specializing to ϕ = 0 and noting that gyz  gxz, gxx
produces Eq. (9) of the main text.
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FIG. S3: (a) Illustration of an edge at an angle Θ from the
x-edge so that the electron momenta between two edges are
related by Eq. (S19). (b) Gap size (calculated using ENS
method, see above) for an edge oriented at Θ = 7◦ from the
x-edge. (Blue circles) Magnetic field is applied x − z plane
(φ = 0) plane; (Red circles) Magnetic field is applied in the
y − z plane. We have used |B| = 7 T with δx = 40 meV and
δz = 70 meV for Rashba and Ising SOC strength respectively.
Here we have additionally chosen G−‖ = 0.05 as an illustration.
Edge states along other edge orientations
While in the main text we focused on the behavior of
edge states along the x-edge, we now consider other edge
orientations. This can be done by fixing the mirror axis in
absolute space (i.e. parallel to x-edge), and considering
an edge at an angle to the x-edge (see Fig. S3a). To track
the electrons along this Θ-edge, we use new momenta
k′ = (k′x, k
′
y), where k
′
x is parallel to the Θ-edge and k
′
y is
perpendicular to the Θ-edge. Using these new momenta
we can express the Hamiltonian in Eq. eq:numerical in
terms of the new momenta by writing(
kx
ky
)
=
(
cos Θ sin Θ
− sin Θ cos Θ
)(
k′x
k′y
)
(S19)
and Θ is the angle between orientation of new edge and
x-edge. We calculate the edge state spectrum using the
ENS scheme as described above with the same Dirichilet
boundary conditions applied instead now on the Θ-edge.
The corresponding gap in the edge spectrum in presence
of magnetic field can be similarly obtained directly ENS
(see Fig. S3), where we substitute k′y → −i∂y′ and k′x →
(k′x− ey′B/(~c)) as before. As a demonstration we show
the edge gap opening for Θ = 7◦ demonstrating that the
large gap opening from an orbital contribution persists
in Fig. S3.
Edge resistance at various ϕ
In this section, we investigate the temperature depen-
dence of resistance for various azimuthal angles and we
find anisotropic (magnetoresistance) temperature depen-
dence of resistance at is most pronounced for ϕ = 0. As
the gap almost closes at B∗, for any finite chemical po-
tential, there are free carriers in the conduction band and
inverse temperature, T   [K   ]-1 -1
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FIG. S4: Temperature variation of resistance at dif-
ferent orientations of magnetic field shown at θ =
50 (blue), 95 (red), 140 (black) for ϕ = 0, 45◦ and 90◦.
Anisotropic trends are seen for ϕ = 0 which subside as the
azimuthal is changed from 0 to 90◦. Here, |B| = 7 T with
chemical potential fixed at µ = 0.3 meV.
we see a minimum resistance at θ = θc, that is insensitive
to temperature (panel a in Fig. S4, blue curve). In con-
trast, as we change the azimuthal angle from 0 to 90◦, the
gap size at θ = θc(90 + θc) increases (decreases) signifi-
cantly, and the minima (maxima) in gap shifts towards
90◦ (0◦). This reduces the anisotropy in the temperature
variation in resistance, which is most evident at ϕ = 0,
see Fig. S4. In plotting the resistance in Fig. S4 we have
used the same parameters as the main text.
